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Preface 
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Mattingly.  From  the  early  days  of  my  study  at  the  Air  Force 
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of  aircraft  and  rocket  propulsion  than  him.  Additionally, 
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credit  for  making  a  masterpiece  of  a  test  section  from  a 
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Abstract 

W 

This  research  involves  the  study  of  ejector  effects  on 
a  supersonic  nozzle.  A  blowdown  wind  tunnel  was  used  to 
simulate  the  launch  of  an  e jector^rocket  to  determine 
possible  thrust  augmentation  capabilities  of  such  a  design. 

Pressure  measurements  were  made  along  the  mixing  chamber 
during  the  42  separate  runs  which  were  used  to  select  a 
specified  profile  to  study  the  effects  the  flow  has  on  wall 
pressures  and  rocket  thrust . 

Primary  airflow  was  directed  to  the  primary  rocket 
nozzle  designed  for  Mach  3.09.  Secondary  airflow  was 
directed  to  a  sonic  ejector  which  was  adjusted  to  simulate 
vehicle  Mach  number.  A  vacuum  tank  was  used  to  provide  the 
environment  simulating  a  "reverse"  trajectory  of  a  launch. 

f  f\  t 

Results  of  this  investigation  show  a  potential  increase 
in  thrust  based  on  a  one-dimensional  math  model  designed  to 
reflect  the  flow  within  the  mixing  chamber.  Wall  pressures 
are  generally  higher  at  lower  altitudes  and  decrease  as 
altitude  increases.  Possible  thrust  benefits  that  may  occur 
due  to  these  higher  wall  pressures  must  be  balanced  by 
structural  problems  that  may  occur  due  to  the  oscillatory 
nature  of  the  flow.  Geometry  and  magnitude  of  the  ejector 
are  critical  to  the  potential  thrust  augmentation  of  the 
rocket  due  to  the  tremendous  turbulence  that  can  develop 
just  beyond  the  primary  nozzle  exit  plane. 
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EJECTOR  EFFECTS  ON  A  SUPERSONIC  NOZZLE 
AT  LOW  ALTITUDE  AND  MACH  NUMBER 


I .  Introduct i on 

As  the  21st  century  approaches,  the  need  for  a  single- 
stage-to  orbit  fully  reusable  flight  vehicle  is  becoming 
more  evident.  With  the  return  of  the  space  shuttle 
Discovery  to  orbit,  the  United  States  can  now  begin  to  once 
again  take  up  the  idea  of  a  permanently  manned  space 
station.  Such  a  project  would  require  a  transportation 
device  much  more  fiscally  sound  than  the  shuttle.  A  single- 
stage-to-orbi t  vehicle  would  be  required  to  make  frequent 
missions  for  resupply,  personnel  rotation,  and  overall 
station  support. 

Previous  AFIT  studies  by  Moran  (1),  Rodgers  (2), 

Maxwell  (3),  and  Wesling  (4)  examined  the  plume  interactions 
and  performance  characteristics  of  various  rocket  ramjet 
clusters.  They  showed  such  systems  have  potential  as  a 
combined  propulsion  system  to  power  a  vehicle  such  as  the 
National  Aero  Space  Plane  (NASP).  One  drawback  mentioned 
and  which  must  still  be  considered  is  the  physical  size  and 
weight  added  to  shroud  such  a  cluster  may  override  any 
thrust  improvements.  While  the  high  specific  impulse  of  an 
air-breathing  ramjet  may  benefit  the  high  thrust-to-wei ght 
but  low  specific  impulse  capabilities  of  most  rockets,  this 
capability  does  not  occur  until  high  altitudes  and  higher 


Mach  numbers  (greater  than  Mach  3)  where  ramjets  are  most 
effective.  The  possibility  exists  for  the  ramjet  system  to 
function  in  conjunction  with  the  rocket  engine  as  an  ejector 
system  to  provide  additional  thrust  performance  at  low 
altitudes  (less  than  50,000  feet)  and  lower  Mach  numbers 
(less  than  2)  without  significant  additional  hardware.  If 
the  combined  propulsive  system  could  improve  performance 
through  a  large  part  of  the  launch  envelope  of  a  rocket 
vehicle,  it  could  lead  toward  the  goal  of  a  s ingle-stage-to- 
orbit  vehicle. 


Object i ves 

As  mentioned,  the  most  recent  studies  in  this  area  have 
concentrated  on  the  rocket  ramjet  performance  in  the  high 
altitude  and  Mach  number  envelope.  This  research  is 
designed  to  lay  the  groundwork  for  long  term  study  of  rocket 
ejector  performance  in  the  low  altitude  and  Mach  number 
envelope.  Specifically,  the  objectives  are  as  follows: 

1.  To  experimentally  examine  the  wall  pressures 
through  the  constant  area  mixing  chamber  of  the  system, 

2.  To  evaluate  the  changes  in  these  pressures  as 
vehicle  speed  and  altitude  is  changed, 

3.  To  evaluate  the  effect  of  secondary  mass  flow 


changes  by  varying  the  area  of  the  throat  of  the  ejector, 

4.  To  determine  the  changes  which  occur  as  the 
location  of  the  nozzle  exit  and  ejector  throat  planes  vary. 
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While  this  study  could  be  considered  a  follow  on  to  the 


work  of  Moran  (1),  Rodgers  (2),  Maxwell  (3),  and  Wesling 
(4),  it  really  marks  a  new  direction  in  this  area  at  AFIT. 
This  is  the  beginning  of  an  investigation  of  ejector  effects 
on  rockets  and  will  allow  a  study  of  the  transition  between 
the  ejector  and  the  ramjet  within  the  same  propulsion 
system. 

This  study  will  concentrate  on  the  differences  between 
the  high  altitude  benefits  that  have  been  seen  in  the 
previous  studies  using  ramjets  and  the  potential  benefits  an 
ejector  might  provide  at  low  altitude.  Wall  pressure 
studies  began  by  Rodgers  (2)  will  be  expanded  to  a  farther 
distance  down  the  mixing  chamber  and  with  back  pressure  up 
to  approximately  standard  sea  level  pressure. 

Approach 

The  approach  taken  in  this  study  was  to  use  a  two- 
dimensional  model  for  which  one  rocket  nozzle  and  two 
possible  ejector  systems  were  developed.  Two-dimensional 
flow  was  maintained  by  using  plexiglass  sidewalls  downstream 
of  the  nozz’e  exit  planes.  The  rocket  nozzle  was  designed 
for  Mach  3.09  using  the  method  of  characteristics  as  in 
Shapiro  (5:462-528).  The  first  system  had  the  mixing 
chamber  blocks  designed  to  allow  a  secondary  flow  throat  of 
0.1  inch  and  the  second  system  was  similar  but  with  a  throat 
dimension  of  0.2  inch.  With  each  system,  the  blocks  could 


be  adjusted  fore  or  aft  up  to  0.5  inches  in  any  increment 
desired  to  vary  the  throat  locations. 

A  typical  launch  schedule  shown  in  Figure  1  suggests 
the  rocket  velocity  increases  slowly  up  to  Mach  1. 5-2.0 
through  40,000-50,000  feet  (6:53).  Each  set  was  tested  with 
a  rocket  chamber  pressure  of  approximately  110  psia.  The 
ejector  secondary  flow  source  pressure  was  adjusted  between 
15  psia  and  35  psia  to  represent  changes  in  ramjet  inlet 
flow  conditions  which  change  with  vehicle  altitude  and  Mach 
number . 
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ure  1.  Typical  Space  Shuttle  Launch  Profile 


II . 


Theory 


Rockets 

Rocket  propulsion  force  can  be  calculated  by  using  the 
one-dimensional  momentum  equation  which  results  in 

F  =  mUc  +  (Pc  -  P» )Ac  (1) 

where 

F  =  thrust  ( lbf ) 
m  =  mass  flow  rate  (slugs/sec) 

UE  =  nozzle  exit  plane  exhaust  velocity  (ft/sec) 

Pc  =  nozzle  exit  plane  pressure  (lbf/in2) 

P.  =  local  ambient  pressure  (lbf/in2) 

Ac  =  nozzle  exit  plane  area  (in2) 

It  is  apparent  that  thrust  consists  of  two  parts.  The  first 
term  is  the  rate  of  momentum  transfer.  The  major  reason  for 
the  large  propulsive  force  of  a  rocket  is  the  product  of  the 
large  mass  flows  of  propellant  being  exhausted  and  the  high 
exit  velocity.  The  second  term  is  the  pressure  thrust. 

While  this  is  relatively  small  compared  to  the  momentum 
transfer,  engine  designers  are  very  concerned  with  this 
term.  Note  that  this  term  could  be  positive  or  negative 
depending  on  the  designed  operating  altitude  of  the  nozzle. 
Most  rocket  nozzles  are  therefore  designed  to  spend  most  of 
their  operation  where  Pc  is  larger  than  P»  to  reduce  the 
pressure  drag  losses  which  occur  at  the  lower  altitudes  when 
P.>P,  (7:37). 
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The  three  operating  conditions  of  a  nozzle  are  shown  in 
Figure  2  (8:8).  Upon  takeoff  the  rocket  is  initially  in  the 
overexpanded  region  (P»>PE)  which  results  in  the  pressure 
drag  discussed  previously.  The  pressure  differential  at  the 
nozzle  exit  creates  an  oblique  shock  pattern  to  adjust  these 
pressures  and  the  exhaust  jet  contracts  downstream  (9:410- 
411,  1:3).  An  example  of  the  change  from  the  initial 
condition  at  sea  level  with  pressure  drag  to  the  condition 
at  high  altitude  with  pressure  thrust  can  be  seen  in  the 
Space  Shuttle  main  engine  which  has  a  thrust  of  470,000  lbf 
in  a  vacuum  (or  very  high  altitude)  and  only  375,000  lbf  at 
sea  level  (1:3).  As  the  rocket  climbs  it  passes  through  the 
design-expansion  point  where  P*=P».  This  optimal  situation 
could  only  exist  at  one  altitude  for  a  fixed  rocket  chamber 
pressure,  Pc,  unless  a  variable  exit  geometry  nozzle  could 
be  developed  or  simulated  (4:7).  Such  a  system  would 
undoubtedly  increase  weight  and  complexity  of  the  nozzle  and 
reduce  any  possible  gains. 

While  creating  the  aforementioned  positive  pressure 
thrust,  the  physical  results  are  expansion  waves  generated 
from  the  exit  plane  of  the  nozzle  and  propagated  outward. 

The  waves  extend  outward  until  interacting  with  a  boundary 
which  will  cause  a  compression  wave  to  turn  the  flow  back  in 
the  original  direction  until  meeting  another  pressure  wave. 
This  series  of  expansions  and  compressions,  like  the  ones  in 
the  overexpanded  region,  form  the  familiar  diamond-shape 
exhaust  highly  visible  from  a  rocket  nozzle. 


FIGURE  2.  NOZZLE  OPERRTING  DIRGRRM  (8:8) 


While  the  large  thrust  force  is  apparent  in  rockets, 
the  tradeoff  comes  in  the  form  of  a  low  specific  impulse, 
I«r.  Recall 

Fgc 

I.p  =  -  (2) 

mrg. 

where 

I«p  =  specific  impulse  (sec) 

Bf  =  fuel  mass  flow  rate  ( lbm  fuel/sec) 
gc  =  conversion  factor 

*  32.174  (  lbm-ft)/<  lbf-t  „<) 
go  =  acceleration  of  gravity 
=  32.174  ft/sec2 

The  large  F  is  paid  for  with  a  high  value  of  Bf.  Previous 
studies  by  Maxwell  (3)  and  Wesling  (4)  have  emphasized  the 
possible  improvements  in  resultant  overall  specific  impulse 
that  may  be  seen  by  using  a  ramjet  with  its  high  specific 
impulse  in  combination  with  the  rocket  engine.  The  hardware 
that  would  need  to  be  added  would  only  be  useful  as  a  ramjet 
at  high  flight  speed.  The  hope  is  that  it  can  be  used  as  an 
ejector  to  augment  thrust  at  the  lower  speeds. 

Ejectors 

An  ejector  is  a  device  used  for  many  different 
functions  from  jet  engines  to  lasers.  Whatever  the  medium, 
its  primary  purpose  in  propulsion  is  to  provide  thrust 
augmentation.  The  thrust  augmentation  is  measured  by 
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d  3  A  2  U  3  2 

<p  =  - 

d  i  A  i  U  i  2 


where 


<p  =  thrust  augmentation  ratio 
Aj  =  mixing  chamber  exit  area  (in2) 

U 2  =  mixing  chamber  exit  velocity  (ft/sec) 
d?  =  mixing  chamber  exit  density  (slugs/ft3) 
Ai  =  primary  nozzle  exit  area  (in2) 

Ui  =  primary  nozzle  exit  velocity  (ft/sec) 
d.  =  primary  nozzle  exit  density  (slugs/ft3) 


(  3  ) 


It  should  be  apparent  that  if  the  ejector-rocket  can 
increase  the  system  momentum  over  the  primary  rocket  nozzle 
momentum  (and  thus  have  <p>l),  an  increase  in  the  momentum 
transfer  from  the  rocket  thrust  equation  should  occur. 

While  an  accounting  for  the  ejector-rocket  inlet  flow 
conditions  which  are  configuration  dependent  must  still  be 
considered,  the  increase  of  momentum  transfer  across  the 
system  exit  plane  is  the  main  reason  for  consideration  of  an 
ejector-rocket  configuration. 

Combined  Ejector-Rocket  Operation 

Study  in  this  area  has  been  going  on  for  several 
decades.  Early  work  started  by  Keenan  and  Neumann  (10)  used 
a  simple  approach  to  break  the  theory  down  to  its  basic 
parts,  while  a  recent  study  by  Amatucci ,  Dutton,  and  Addy 
(11)  was  prompted  by  their  work  in  high-energy  chemical  and 
gasdynamic  lasers. 
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The  purpose  of  an  ejector  in  rocket  operation  would  be 
for  thrust  augmentation.  Theoretical  work  and  study  in  this 
area  requires  the  determination  of  exit  static  pressure  of 
the  combined  ejector-rocket  to  compare  with  a  standard 
rocket  exit  pressure.  Additionally,  the  effects  on  the 
momentum  flux  by  the  addition  of  the  ejector  must  be 
eva 1 ua  t  ed . 

In  1981,  Dutton,  Mikkelsen,  and  Addy  (12)  did  a 
parametric  study  showing  the  effects  of  several  variables  on 
pressure  recovery  and  thus  exit  Mach  number. 

...it  is  seen  that,  in  terms  of  increased 
compression  ratios  for  a  given  primary-to- 
secondary  mass  flow  ratio,  the  ejector  pumping 
performance  is  only  weakly  dependent  on  the  inlet 
primary  Mari  number,  moderately  dependent  on  the 
specific  heat  and  entrance  area  ratios,  and 
strongly  dependent  on  the  secondary  inlet  Mach 
number  and  the  stagnation  temperature  and 
molecular  weight  ratios.  (12:1396) 

Likewise,  ejector  performance  was  studied  by  Alperin 

(13)  for  several  variations  of  ejectors  and  primary  engine 

sources.  He  concludes  the  mixing  nature  of  the  primary  and 

induced  flows  has  two  distinct  solutions  which  are  dependent 

upon  the  resultant  Mach  number  of  the  mixed  flow.  His  final 

analysis,  based  on  the  information  from  Figure  3  for 

ejector-rocket  possibilities  is  as  follows: 

Performance  is  good  at  high  flight  speeds  under 
all  design  conditions,  particularly  when  the 
ejector  is  designed  under  the  second  solution.  As 
indicated,  subsonic  mixing  provides  superior 
performance  to  that  with  supersonic  mixing.  It  is 
important  to  note  that  at  low  speeds,  the  thrust 
augmentation  of  this  system  is  extremely  large 
provided  the  design  configuration  is  that  which 
corresponds  to  the  second  solution  with  subsonic 
mixing.  (13:46) 
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Chamber  Temperature:  6000°R 


FIGURE  3.  THRUST  RUGMENTRTION  FOR  ROCKET/EJECTORS  (13:47) 
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III.  Experimental  Apparatus 

The  purpose  of  this  study  is  to  determine  the 
possibilities  of  using  the  overexpanded  rocket  exhaust  from 
sea  level  up  through  the  nozzle  design  point  to  establish  an 
ejector  configuration  for  thrust  augmentation. 

This  investigation  was  accomplished  using  the  AFIT 
blowdown  wind  tunnel.  The  tunnel,  vacuum  tank,  and  air 
supply  are  all  components  of  the  flow  system.  The  two- 
dimensional  test  sections  and  nozzles  specifically  designed 
for  this  study  were  placed  inside  the  vacuum  tank  for  the 
runs.  The  variations  of  the  secondary  flow  throat  with 
separate  configurations  made  up  the  42  separate  runs  to 
simulate  operating  conditions  over  a  typical  vehicle  launch 
profile.  Pressure  transducers  were  installed  in  the  mixing 
chamber,  stilling  chamber,  and  vacuum  tank  to  measure 
operating  conditions  and  pressure  variations  associated  with 
the  simulated  ejector-rocket  performance.  Additionally,  the 
test  sections  were  constructed  with  plexiglass  side  plates 
to  allow  schlieren  flow  visualization. 

Flow  System 

Compressed  air  was  supplied  at  110  psia  and  room 
temperature  to  the  blowdown  facility.  This  air  was  used  to 
supply  the  rocket  nozzle  as  well  as  the  secondary  flow  for 
the  purpose  of  simulating  the  possible  flight  conditions  the 
ejector-rocket  might  encounter.  Particulates  and  moisture 
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were  removed  from  the  air  by  a  combined  filter  system. 

First,  a  cyclone  separator  used  centrifugal  force  to  remove 
a  great  deal  of  the  moisture  and  solid  particles.  Then,  a 
paper  filter  was  placed  just  upstream  of  the  test  section  to 
remove  any  remaining  particulates  and  moisture.  The  cyclone 
separator  was  emptied  before  and  after  each  run,  and  the 
paper  filters  were  changed  at  least  bimonthly  to  ensure 
proper  condition  and  operation. 

The  compressed  air  was  fed  to  a  3  inch  diameter  line 
which  split  just  downstream  of  a  manually  operated  disk 
valve.  One  path  fed  directly  to  the  ejector-rocket  primary 
nozzle  plenum  while  the  other  went  to  the  secondary  flow 
plenum.  The  rocket  nozzle  was  continuously  supplied  with 
the  air  at  110  psia.  The  secondary  flow  was  regulated  in 
several  ways.  First,  a  Grove  regulator  and  dome  valve  were 
used  to  adjust  the  amount  of  pressure  entering  the  ejector 
system.  Two  gate  valves  were  placed  just  downstream  of  the 
dome  valve.  These  valves  were  used  to  simulate  the 
possibility  of  the  ejector  secondary  air  coming  from  the 
surrounding  atmosphere  during  static  rocket  engine  operation 
(like  launch  conditions),  or  be  pressurized  from  a  ram 
source  through  the  ramjet  inlet  when  the  vehicle  is  in 
motion.  The  flow  system  is  illustrated  in  Figure  4. 

The  test  sections  containing  the  nozzle  and  ejectors 
were  installed  between  the  air  source  and  the  580  fts  vacuum 
chamber.  Three  vacuum  pumps  reduced  the  pressure  in  the 
chamber  to  approximately  0.1  psia.  Upon  receiving  the  flow 
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from  the  supply  system,  the  pressure  in  the  vacuum  tanks 
would  rise  simulating  a  "reverse  trajectory"  of  the  rocket 
(i.e.,  going  from  high  altitude  to  low  instead  of  the  normal 
profile).  An  additional  vacuum  pump  was  used  to  establish  a 
reference  pressure  of  approximately  1  mm  Hg  absolute  for  the 
gage  pressure  transducers  used  in  the  test  section  and  the 
vacuum  tank.  By  using  this  low  pressure  and  ensuring  the 
transducers  were  "zeroed-out"  on  the  voltage  converter,  the 
pressures  could  be  considered  absolute. 

Finally,  the  vacuum  tank  has  a  15  cm  by  15  cm  square 
optical  quality  glass  window  to  allow  schlieren  photography 
for  still  or  video  pictures. 

Test  Sections 

A  simulated  rocket  nozzle  was  placed  at  the  centerline 
of  the  structure  exhausting  into  a  shroud-type  ejector  with 
walls  on  each  side  of  the  nozzle  as  shown  schematically  in 
Figure  5.  The  section  was  built  so  the  position  of  the 
primary  flow  exit  plane  could  be  placed  up  to  one-half  inch 
into  or  forward  of  the  mixing  chamber  in  any  smaller 
increment  desired.  Additionally,  the  size  of  the  secondary 
flow  throat  can  be  set  at  0.1  or  0.2  inch  (see  Figures  6  and 
7  for  these  variations).  Each  ejector  mixing  region 
configuration  was  designed  to  place  up  to  eleven  pressure 
transducers  down  the  chamber;  for  this  investigation,  only 
six  transducers  were  used  along  the  top  wall.  The  flow 
visualization  indicated  that  symmetry  exists  within  the 
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A.  Small  Secondary 
Throat  and 
Mixing  Chamber 
Cross -Section 


B.  Large  Secondary 
Throat  and 
Mixing  Chamber 
Cross-Section 


FIGURE  7.  VflRIRTIONS  OF  SECONDARY  THRORT 
RND  MIXING  CHRMBER  SIZE 


mixing  chamber  so  pressure  transducers  were  only  needed  on 
one  wall. 

Finally,  plexiglass  windows  extended  from  the  nozzle 
throat  to  the  end  of  the  mixing  chamber  to  allow  for 
schlieren  photography  of  the  wave  interaction. 

Rocket  Nozzle 

One  rocket  nozzle  and  two  different  mixing  chamber 
assemblies  were  used  to  provide  the  two-dimensional 
configurations  studied.  The  rocket  nozzle  was  designed 
using  the  method  of  characteristics  as  shown  by  Shapiro 
(5:462-528).  Its  throat  dimension  of  0.113  inch  and  exit 
dimension  of  0.520  inch  produced  an  area  ratio  of  4.6  which 
corresponds  to  an  isentropic  exit  Mach  of  3.09. 

Instrument at  ion 

Nine  pressure  transducers  located  as  shown  in  Figures  8 
and  9  were  used  to  measure  the  data  for  all  configurations 
and  experiments.  The  wall  pressures  along  the  mixing 
chamber  block  were  measured  by  six  Endevco  8506-B 
transducers  with  a  range  of  0-5  psig.  As  mentioned 
previously,  symmetry  was  assumed  top  and  bottom  within  the 
mixing  chamber  as  determined  from  schlieren  photographs. 
These  transducers  were  designated  numbers  P2 ,  P3,  P4,  P5 , 

P6,  and  P7 .  To  measure  absolute  pressure,  a  near  absolute 
vacuum  was  established  on  the  rear  face  of  each  transducer 
diaphragm  through  a  tube  vent.  This  pressure  became  a 
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reference  to  which  the  pressure  acting  on  the  external  side 
of  each  diaphragm  was  compared. 

Transducers  designated  PI  and  P8  were  Endevco  8530A-100 
with  a  0-100  psia  range.  PI  measured  the  upstream  rocket 
nozzle  plenum  pressure  (chamber  stagnation  pressure)  and  P8 
measured  the  upstream  ejector  secondary  flow  plenum 
pressure . 

One  last  transducer,  P9,  was  placed  on  the  vacuum  tank. 
This  transducer,  an  Endevco  8510-B  with  a  0-5  psig  range, 
was  used  to  measure  the  ambient  pressure  rise  during  the 
"descent"  of  the  rocket.  It  was  connected  to  the  vacuum 
reference  as  were  the  8506-B  transducers.  Table  1  shows  the 
transducers  by  number,  type,  location,  and  serial  number. 

In  support  of  the  transducers,  several  other  measuring 
devices  were  used.  First,  a  mercury  manometer  was  connected 
to  the  vacuum  chamber  to  determine  the  vacuum  in  the  tank 
prior  to  each  run.  Second,  a  Wallace  and  Tiernan  precision 
gauge,  model  FA160  (S/N  EE14201),  was  attached  to  the 
reference  vacuum  pump  to  ensure  the  near  absolute  vacuum  was 
attained  and  maintained  as  a  reference  for  the  pressure 
transducers.  Al30,  a  Type  CEC  2500  digital  barometer  was 
used  to  determine  actual  barometric  pressure  in  the  room 
during  the  experiment. 


Schlieren  System 

In  support  of  the  objectives  of  this  study,  an 
investigation  was  made  of  the  wave  interactions  throughout 


the  mixing  chamber  under  the  various  ejector  operating 
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Table 

1  .  Pressure 

Transducers 

Locat ion 

Model  Number 

Serial  Number 

Rocket 

Plenum 

(  PI  ) 

Endevco 

8530 

44AM 

Mixing 

Chamber 

(  P2 ) 

Endevco 

8506 

8  2BF 

Mixing 

Chamber 

(  P  3 ) 

Endevco 

8506 

8  3BF 

Mixing 

Chamber 

(  P4  ) 

Endevco 

8506 

9  7  BF 

Mixing 

Chamber 

<P5) 

Endevco 

8506 

74BF 

Mixing 

Chamber 

(  P6  ) 

Endevco 

8506 

7  9  BF 

Mixing 

Chamber 

(  P7  ) 

Endevco 

8506 

6  8  BF 

Ejector 

Plenum 

(  P8  ) 

Endevco 

8530 

WL44 

Vacuum 

Tank  ( P9 ) 

Endevco 

8510 

PP79 
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conditions.  The  schlieren  system  shown  schematically  in 
Figure  10  was  used  to  take  still  and  video  pictures  of  these 
phenomena.  Black  and  white  still  photographs  were  taken 
using  a  spark  lamp  with  a  spark  duration  of  less  than  one 
microsecond.  Polaroid  sheet  film  types  52  and  57  were  used 
for  the  stills.  Video  pictures  were  taken  using  a  Newvision 
video  cassette  recorder  camera  and  a  Kodak  VHS  tape. 


Light  source 


Figure  10.  Schlieren  System 


IV.  Data  Acquisition  and  Reduction  System 


The  Hewlett  Packard  (HP)  6901S  Measurement  and  Analysis 
System  is  an  automated  digital  system  specifically  selected 
for  its  enormous  data  collection  capabilities.  The 
experimental  apparatus  was  designed  to  interface  with  the  HP 
6901S  using  the  hardware  listed  in  Table  2.  The  components 
were  linked  using  the  HP-IB  interface  bus  as  shown  in  Figure 
11.  The  HP-IB  serves  as  the  centralized  coordination  center 
for  several  external  devices  such  as  the  printer,  plotter, 
and  disk  drive.  The  bus,  which  selectively  controls  data 
selection  and  flow  rate  to  and  from  the  peripheral  devices, 
is  controlled  by  the  HP  9826  computer  keyboard  using  a 
function  select  menu. 

The  HP  690 1 S  is  a  multi-channel  data  acquisition  and 
reduction  system.  It  can  collect  data  on  up  to  26A  channels 
of  either  analog  or  digital  data  with  a  total  collection 
capability  of  A, 096  samples  per  experiment.  There  are  16 
interface  cards  available  which  can  accommodate  a  sampling 
rate  of  100,000  scans  per  second.  This  investigation 
required  only  a  small  portion  of  this  capability.  Figure  12 
shows  how  the  HP  6901S  interfaces  with  the  hardware. 

The  HP  6901S  has  an  internally  mounted  HP  69A2  multi¬ 
programmer.  The  HP  69A2  contains  the  memory  cards,  analog 
to  digital  converters,  scanner  relays,  and  controller  <  ards 
required  for  system  operation.  Data  is  acquired  through  the 
HP  6901S  terminal  boards  and  is  temporarily  stored  so  the 
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Table  2 . 

Instruments  t i on 

Hardware 

Item 

Model  Number 

Serial  Number 

Power  Supply 

HP  6205C 

2208A-006  31 

Mult iprogrammer 

HP  6942A 

25  1  3A-06003 

Computer 

HP  9826 

231 3A-05860 

Plotter 

HP  7470A 

97468 

Pr inter 

HP  2934A 

26  35A- 325  28 

Measurement  and 
Analysis  System 

HP  6901S 

234A-00 104 

Portable  Vacuum 
Standard 

PVS-2A-10000 

44362-1 
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HP7470A 

Plotter 


FIGURE  11.  HARDWARE  COMPONENTS 


desired  sampling  rate  can  be  achieved  without  exceeding  the 
capacity  of  the  analog  to  dieital  converter.  The  data  is 
recalled  sequentially  from  storage,  converted  to  digital 
form  and  sent  to  the  HP  9826  for  storage  on  floppy  disk. 

This  sequence  is  shown  in  Figure  13. 

The  HP  9826  computer  shown  in  Figure  11  is  a  menu 
driven  system  controlled  from  the  keyboard.  The  menu 
options  (see  Figure  14)  provide  the  means  for  entering  the 
experimental  apparatus  parameters.  These  parameters, 
including  scan  rate,  number  of  scans,  and  the  data 
acquisition  initiation  or  triggering  mode,  were  entered 
using  the  HP  6901S  software.  Data  was  collected  using  the 
burst  mode  option.  The  high  speed  scanning  capability  of 
this  mode  allowed  nearly  simultaneous  monitoring  of  all 
channels.  Run  time  for  this  experiment  ranged  from  two  to 
four  minutes  depending  on  the  amount  of  secondary  flow  being 
used.  Therefore,  the  system  was  set  to  scan  all  nine 
channels  every  0.3969  seconds.  This  rate  provides  58,800 
microseconds  between  scans  of  each  individual  channel  for  a 
total  of  455  scans.  Since  this  study  was  more  concerned 
with  the  pressure  from  sea  level  to  50,000  feet,  the  scan 
rate  needed  to  be  increased  from  that  used  in  previous 
theses  to  ensure  data  was  taken  over  the  entire  altitude 


range . 


Several  data  presentation  options  were  available. 


However,  of  the  tables,  graphs,  or  histograms,  a  multi- 
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Figure  13.  Data  Flow  Path 
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FIGURE  14.  FUNCTION  SELECT  MENU 
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channel  plot  option  was  primarily  used.  This  option 
displayed  up  to  eight  channels  at  one  time.  A  key  option 
allowed  for  windowing  and  zooming  in  on  the  data  for  a  more 
detailed  view.  Having  nine  channels  was  only  a  minor 
drawback  since  any  more  than  two  channels  displayed 
simultaneously  was  somewhat  difficult  to  interpret.  Data 
reduction,  including  inserted  offset  values  used  to  scale 
the  data,  was  accomplished  prior  to  receiving  the  selected 
output  presentation. 

This  system  was  suitable  for  the  research  done  on  the 
blowdown  wind  tunnel.  The  pressure  characteristics  along 
the  wall  and  in  the  tunnel  were  adequately  acquired, 
processed,  and  formatted.  The  system  is  easily  expandable 
for  future  study. 
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.  Experimental  Procedure 


As  in  all  experimental  work,  continuous  checking  of 
equipment  is  required  to  ensure  proper  output.  This  begins 
with  the  initial  calibration  of  the  equipment  to  ensure 
proper  interpretation  of  collected  data.  It  also  includes 
daily  equipment  checks  to  avoid  possible  changes  in 
conditions  over  the  course  of  experimentation.  Finally, 
actual  data  collection  must  be  followed  by  close  scrutiny  of 
collection  procedures  to  be  absolutely  certain  of  consistent 
resul ts . 

Cal ibrat ion 

All  of  the  transducers  were  calibrated  using  a  dead 
weight  pressure  system.  This  system  provided  a  reference 
pressure  on  one  side  of  the  measurement  diaphragm  which 
compared  with  air  pressure  from  a  separate  source  acting  on 
the  other  side  of  the  diaphragm.  The  pressure  differential 
produced  a  voltage  differential.  The  weights  were  added  in 
small  increments  to  increase  the  pressure  throughout  the 
range  of  the  transducers.  The  voltage  generated  from  this 
pressure  difference  was  recorded  on  a  digital  voltmeter, 
plotted  on  a  graph,  and  used  to  produce  a  slope  which 
represented  the  transducer  sensitivity  in  millivolts  per 
psi.  The  sensitivity  was  linear  over  the  full  range  of  the 
transducers  and  was  always  within  3%  of  the  manufacturer's 


Experimental  Run  Procedure 

Since  consistent  data  collection  is  a  primary  goal  in 
all  experimental  work,  each  experimental  run  should  be  made 
using  the  same  procedure.  This  was  done  for  this  study. 

To  establish  the  desired  initial  test  conditions,  the  three 
primary  vacuum  pumps  were  turned  on  to  evacuate  the  chamber. 
An  excitation  voltage  of  10  volts  D.C.  was  applied  to  the 
transducers  and  the  reference  vacuum  pump  for  the 
transducers  was  turned  on.  The  approximate  reference 
pressure  of  1  mm  Hg  was  established. 

The  computer  was  then  turned  on  and  the  SHELL  software 
program  of  the  HP  6901S  Measurement  and  Analysis  System  was 
loaded  and  run.  The  time  and  date  were  entered  on  initial 
power  up  to  ensure  adequate  tracking  of  data.  Once  the 
proper  "Configuration  File"  was  selected  based  on  the  data 
required,  the  program's  "Run  Current  Configuration"  option 
was  selected  from  the  Function  Select  Menu  shown  in  Figure 
14.  The  current  configuration  file  established  the  proper 
transducer  scaling  information  necessary  to  reduce  the 
pressure  data  for  presentation.  The  configuration  also 
provides  for  a  data  collection  start  procedure.  An  external 
trigger  was  used  to  allow  manual  starting  of  data 
collection.  The  multichannel  plot  option  was  selected  which 
provided  for  eight  of  the  nine  transducers  to  plot  pressure 
versus  time  on  a  single  hard  copy  graph. 

After  selecting  "Run  Current  Configuration,"  a  four- 
second  self  test  is  accomplished  by  the  system  to  ensure  all 
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integrated  circuit  cards  are  properly  placed  so  that  no 
major  hardware  failures  will  occur.  At  this  point,  a  data 
file  is  created  and  the  program  awaits  the  triggering  system 
to  begin  collecting  data. 

Once  the  vacuum  tank  pressure  reaches  approximately  0.1 
psia,  the  pressure  transducers  are  balanced  or  "zer oed-out ’’ 
by  adjusting  the  potentiometer  to  ensure  identical  input  and 
output  voltage  on  the  HP6901S  system.  The  balancing 
circuitry  includes  a  differential  amplifier  with  a  gain  of 
one  between  the  potentiometer  and  the  input  voltage  to 
reduce  background  noise.  Figure  15  shows  a  schematic  of  the 
potentiometer  amplifier  circuit  which  converts  the  output 
from  two-wire  to  one-wire  to  be  suitable  for  the  HP6901S. 

The  experiment  could  now  be  performed.  Data 
acquisition  system  operation  was  initiated  and  the  main 
hand-operated  disk-valve  was  opened  allowing  the  flow  into 
the  test  section.  During  the  run,  the  lights  were  turned 
off  and  schlieren  photographs  were  taken  at  pre-determi ned 
time  intervals.  These  photographs  would  be  correlated  with 
the  data  taken  to  help  visualize  the  flow  conditions  in  the 
mixing  region  and  how  they  change  with  increase  of  back 
pressure . 

After  the  run  time  elapsed,  the  hand  valve  was  closed. 
The  HP  9826  computer  stored  the  data  and  produced  it  for 
hard  copy  form.  Each  run  was  duplicated  to  ensure 
conformity  of  data  collection. 
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During  each  run,  the  primary  rocket  nozzle  was  supplied 
a  plenum  pressure  of  approximately  110  psia.  The  ejector 
secondary  flow  was  supplied  air  from  a  separately  regulated 
plenum.  This  flow  was  adjusted  to  simulate  conditions 
ranging  from  static  launch  with  sea  level  pressure  to  a  ram 
generated  flow  representing  vehicle  velocity  changes. 

Data  Explanation 

Each  run  used  to  generate  the  selected  launch  profile 
produced  a  series  of  pressure  measurements  for  each  of  the 
transducers  over  the  entire  run  period.  This  data  was  used 
to  provide  several  useful  foundations  for  data  comparisons. 

The  vacuum  tank  pressure,  P9 ,  was  used  to  transform  the 
time  information  provided  by  the  HP6901S  measurement  system 
into  altitude.  By  using  equations  representative  of  the 
ARDC  standard  atmospheric  tables  (14),  the  resulting 
altitude  data  became  the  basis  for  comparison  of  other 
pressure  information.  Appendix  A  contains  this  procedure. 

The  simulated  vehicle  Mach  number  was  deduced  using  the 
secondary  plenum  pressure,  P8 ,  and  the  vacuum  tank  pressure, 
P9 .  The  Mach  number  was  calculated  with  the  isentropic 
rel a  t i onsh i p 


P,  k-1  (k/k-1) 

—  =  (l  +  -  M2  )  ( 4 ) 

P  2 


where 

Pt  =  ejector  secondary  flow  total  pressure  (psia) 
P  =  vacuum  tank  ambient  static  pressure  (psia) 
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k 


M 


specific  heat  ratio 
1 . A  for  air 
Mach  number 


The  calculated  values  of  Mach  number  and  altitude  can 
be  plotted  together  to  reflect  a  flight  profile  on  each  run 
A  typical  output  is  represented  by  Figure  16.  While  a  wide 
variety  of  profiles  were  produced,  one  individual  run  does 
not  simulate  the  actual  effect  of  a  static  launch  followed 
by  a  ram-induced  increase  in  velocity  because  for  each  run 
the  secondary  pressure  was  held  constant.  The  shuttle 
profile  presented  in  Figure  1  will  be  used  as  a  basis  to 
select  the  experimental  data  from  various  runs  to  closely 
simulate  this  profile. 


AO 


FIGURE  16.  TYPICAL  MRCH  NUMBER  VS  RLTITUDE  PLOT 


.  Results  and  Discussion 


The  AFIT  blowdown  wind  tunnel  was  used  to  simulate  the 
environment  an  ejector-rocket  would  encounter  during  a 
launch.  While  a  normal  rocket  would  proceed  from  a  sea 
level  launch  into  the  low  pressure  environ  of  high  altitude, 
the  blowdown  facility  reverses  this  profile  by  starting  in  a 
near  vacuum  and  continually  increasing  back  pressure  or 
decreasing  altitude.  Therefore,  where  a  rocket  would 
normally  transition  from  the  overexpanded  flight  regime 
through  the  design  point  of  the  nozzle  to  the  underexpanded 
regime,  this  experiment  proceeds  in  the  opposite  direction. 

General  Experimental  Run  Comparisons 

Before  the  data  is  selected  to  represent  the  selected 
launch  profile,  a  general  explanation  of  the  separate  runs 
is  addressed.  Two  sets  of  mixing  chamber  walls  were  used 
which  allowed  variation  in  secondary  throat  size  and 
relative  position  of  the  primary  nozzle.  The  comparisons 
are  made  based  on  three  areas: 

1)  Secondary  flow  pressure  comparisons 

2)  Throat  position  comparisons 

3)  Mixing  chamber  assembly  comparisons 

Secondary  Flow  Pressure  Comparisons.  The  secondary 

flow  was  adjusted  by  the  Grove  regulator  and  the  use  of  the 
atmospheric  pressure  control  valve  to  provide  the  Mach 
number  and  altitude  scenario  for  a  particular  test  run.  The 
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effect  of  increasing  the  secondary  total  pressure  from 
ambient  pressure  up  to  35  psia  may  be  observed  from  equation 
4.  Since  the  static  pressure  will  rise  as  the  flow  enters 
the  vacuum  tank  similarly  for  each  test,  the  ratio  of  Pt/P 
will  obviously  be  larger  with  increasing  secondary  total 
pressure.  The  result  is  a  larger  simulated  Mach  number  at  a 
given  altitude  as  Pr  increases.  The  effects  of  the  larger 
total  pressures,  representative  of  reaching  higher  Mach 
numbers  at  lower  altitudes  during  a  launch  can  be  seen  from 
Figure  17.  While  the  wall  pressures  near  the  exit  plane  of 
the  nozzle  and  ejectors  remain  relatively  small  and  constant 
regardless  of  secondary  total  pressure  at  the  higher 
altitudes  (greater  than  30,000  feet),  the  effects  are  varied 
at  the  lower  altitudes  but  do  have  some  trends. 

Schlieren  pictures  (video  and  stills)  and  raw  data 
suggest  the  wall  pressures  exhibit  a  transition  point  which 
is  a  reflection  of  the  combined  effects  of  the  increasing 
back  pressure  and  secondary  total  pressure.  Figure  IB  gives 
a  visual  presentation  of  the  effect  the  back  pressure 
increase  has  on  the  chamber  flow.  While  the  video  clearly 
showed  the  fluctuations  actually  occurring  within  the  mixing 
chamber,  the  still  pictures  reflect  the  difference  between 
the  obviously  unaffected  area  near  the  nozzle  and  ejector 
exits  at  higher  altitudes  (Figure  18A)  and  the  back  pressure 
affected  area  downstream  as  altitude  decreases  (Figures  18B 
and  18C).  The  increased  secondary  pressure  provides  a 
larger  mass  flow  rate  into  the  vacuum  tank  which  causes  its 
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FIGURE  17.  WALL  PRESSURE  P3  VS  ALTITUDE 
INCREASING  SECONDARY  TOTAL  PRESSURE 
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C.  SEA  LEVEL  CONDITIONS 


I 


FIGURE  18.  BACK  PRESSURE  EFFECTS  ON  MIXING  CHAMBER  FLOW 
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pressure  to  increase  faster.  The  resulting  effect  from  this 
is  the  movement  of  the  highly  turbulent  section  of  air  due 
to  the  separation  of  the  shocks  from  the  walls  at  earlier 
times  which  means  higher  altitudes.  Figure  19  shows  the 
transition  points  (back  pressure  induced  pressure  rises)  at 
transducer  P5  of  two  separate  runs,  a  low  secondary  pressure 
of  15  psia  and  a  high  pressure  of  27  psia.  While  it  appears 
that  the  transition  points  are  fairly  close  (50  seconds  for 
Figure  A  and  60  seconds  for  Figure  B),  these  translate  into 
a  12,000  feet  altitude  difference  (see  Figure  20). 

Keeping  in  mind  the  reverse  trajectory  simulated  in  the 
chamber,  a  major  point  that  can  be  seen  is  the  higher,  more 
fluctuating  pressures  which  occur  at  the  lower  altitudes 
would  last  longer  if  the  profile  is  selected  which  reaches 
higher  Mach  numbers  sooner.  While  the  high  wall  pressures 
could  mean  more  pressure  thrust  increases,  the  large 
fluctuations  could  provide  structural  problems  that  may  need 
to  be  considered. 

Throat  Position  Comparisons.  The  relative  throat 
position  of  the  primary  nozzle  and  the  mixing  chamber  was 
adjusted  by  sliding  the  mixing  chamber  wall  assembly  forward 
or  aft  on  channels  cut  out  of  the  plexiglass.  The 
positioning  of  the  walls  not  only  affected  the  position  of 
secondary  flow  throat  but  its  size  as  well. 

The  primary  effect  of  adjusting  the  position  of  the 
secondary  flow  throat  for  this  model  is  very  evident  by 
looking  at  the  photographs  in  Figure  21.  Photograph  A  shows 
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FIGURE  19.  WRLL  PRESSURE  P5  TRRNSITION 
FOR  15  PSIR  AND  27  PSIR  SECONDRRY  TOTRL  PRESSURE 
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A.  ALTITUDE  VS  TIME  FOR  15  ASIA  SECONDARY  PRESSURE 
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B.  ALTITUDE  VS  TIME  FOR  2?  PSIA  SECONDARY  PRESSURE 


FIGURE  20.  ALTITUDE  VS  TIME 
FOR  15  PSIfl  AND  27  PSIA  SECONDARY  TOTAL  PRESSURE 


R.  PRIMARY  RND  SECONDRRY  EXIT  PLRNES  CO-LOCATED 


C.  PRIMARY  NOZZLE  1/2  INCH  FORWARD  OF  MIXING  CHAMBER 


FIGURE  21.  FLOW  COMPARISONS  WITH  THROAT  VARIATIONS 
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the  flow  with  the  secondary  flow  throat  co-located  with  the 
primary  nozzle  exit  plane.  Photograph  B  shows  the  flow  with 
the  walls  adjusted  so  the  primary  nozzle  exit  plane  is 
actually  moved  1/2  inch  into  the  mixing  chamber.  There  is 
relatively  little  difference  in  the  shock  pattern  between 
photographs  A  and  B.  Photograph  C  shows  the  walls  have  been 
adjusted  to  move  the  primary  nozzle  forward  of  the  mixing 
chamber.  From  the  photograph  as  well  as  referring  back  to 
Figure  6,  it  is  evident  that  the  secondary  flow  is  angled 
into  the  chamber  rather  than  flowing  in  axially  as  the 
primary  flow  does  in  all  cases  and  the  secondary  flow  does 
in  the  other  two  cases. 

While  the  overall  effect  of  this  angularity  is  unknown 
and  will  require  further  study,  it  is  evident  that  the  wall 
pressures  nearest  to  the  nozzle  exit  plane  are  most 
affected.  Figure  22A  shows  the  plot  for  the  wall  pressure 
one  inch  from  the  exit  plane  of  the  nozzle  with  the  nozzle 
plane  1/2  inch  into  the  chamber.  Note  the  relatively 
constant  pressure  of  approximately  3  psia  which  is  the 
expected  pressure  exiting  the  nozzle  at  Mach  3.09.  The 
transition  occurs  at  90  seconds  for  which  the  ambient  back 
pressure  corresponds  to  approximately  5,000  feet.  The 
resulting  wall  pressure  fluctuates  around  an  average  of  6 
psia.  In  Figure  22B,  while  the  wall  pressure  is  highly 
oscillatory,  it  remains  relatively  constant  at  an  average  of 
8  psia  at  the  same  mixing  chamber  location. 
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B.  WALL  PRESSURE  P2  FOR  NOZZLE  FORWARD  OF  CHAMBER  POSITION 


FIGURE  22.  WALL  PRESSURE  COMPARISONS  FOR  NOZZLE  INTO  AND 
NOZZLE  FORWARD  OF  MIXING  CHAMBER 
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Figure  23  shows  the  schlieren  photographs  for  these  two 


runs.  The  first  two  reflect  the  different  stages 
represented  by  the  data  in  Figure  21A.  The  transition 
effects  are  visually  evident  from  these  pictures.  The  next 
two  photographs  show  flow  characteristics  for  the  nozzle 
exit  plane  ahead  of  the  mixing  chamber  at  the  same  time  and 
altitude  points  as  the  first  run. 

The  flow  as  shown  in  Figure  23A  is  primarily  axial 
entering  the  mixing  chamber  and  there  is  a  very  obvious 
shock  pattern  formed  which  affects  the  pressure  at  the 
transducer  one  inch  from  the  exit  plane  at  the  higher 
altitudes.  As  the  altitude  decreases,  the  ambient  back 
pressure  increase  causes  the  flow  to  detach  from  the  chamber 
walls  and  the  secondary  flow  is  drawn  into  the  center.  The 
transducer  output  changed  as  a  result  of  this  change  of  flow 
conditions  and  shock  pattern. 

Figure  23C  shows  an  angular  secondary  flow  entering  the 
ejector  mixing  region  at  high  altitude.  The  result  of  this 
is  a  region  near  the  ejector  mixer  entrance  which  apparently 
is  not  affected  by  altitude  changes.  Accordingly,  the  flow 
is  not  affected,  nor  is  the  wall  pressure  at  this  location. 

Mixing  Chamber  Assembly  Comparisons.  Two  mixing 
chamber  assemblies  were  used  during  this  experiment.  The 
primary  purpose  was  to  study  the  effects  of  varying 
secondary  mass  flow  on  the  wall  pressures  and  flow 
phenomena.  The  difference  between  the  chambers  was  an 
increase  in  the  chamber  area  from  1.095  to  1.295  square 
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R.  NOZZLE  INTO  MIXING  CHRMBER,  HIGH  RLTITUDE 


C.  NOZZLE  FORWARD  OF  MIXING  CHRMBER,  HIGH  RLTITUDE 


D.  NOZZLE  FORWARD  OF  MIXING  CHRMBER,  SER  LEVEL 


FIGURE  23.  TRANSITION  EFFECTS  WITH  THRORT  VARIATIONS 
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inches  while  increasing  the  ejector  secondary  flow  throat 
from  0.1  inch  to  0.2  inch.  Recalling  the  formula 

MFP  Pr  A 

m  =  -  (5) 

(T> ) 1 ; * 

where 

m  =  mass  flow  rate  (lbm/sec) 

MFP  =  mass  flow  parameter  ( lbm- ( 6 R ) * ' 2 / lbf -sec ) 

PT  =  total  pressure  (psia) 

A  =  cross-sectional  area  (in2) 

Ti  =  total  temperature  (°R) 

it  is  obvious  that  with  everything  else  held  constant, 
doubling  the  area  at  throat  of  the  ejector  secondary  flow 
will  double  the  mass  flow  rate. 

The  immediate  effect  of  this  change  in  the  physical 
experiment  is  the  more  rapid  rise  of  the  vacuum  tank 
pressure  due  to  the  large  mass  flow  of  air  being  discharged 
into  it.  The  effect  seen  within  the  simulated  environment 
is  a  much  faster  "descent"  from  altitude.  These  effects  are 
translated  to  the  data  with  two  relatively  common  results. 

Figure  24  shows  a  comparison  of  similar  runs  which  only 
have  a  difference  in  mixing  chamber  and  ejector  secondary 
flow  throat  size.  The  wall  pressure  P6,  near  the  rear  of 
the  chamber,  is  shown  in  each  figure.  Figure  24A  has  the 
smaller  throat  and  mixing  chamber  but  does  not  see  any 
appreciable  difference  in  initial  wall  pressures  (at  the 
higher  altitudes)  or  the  resulting  pressures  after 
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B.  HALL  PRESSURE  P6  FOR  LRRGE  CROSS-SECTION  THRORT  RND  CHRMBER 


FIGURE  24.  WRLL  PRESSURE  P6  FOR  SMRLL  RND  LRRGE  CROSS-SECTIONS 
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transition  compared  with  Figure  24B  with  the  larger 
secondary  throat.  Note  that  while  Figure  24A  shows  a 
transition  at  65  seconds  and  Figure  24B  shows  a  transition 
at  55  seconds,  the  altitude  versus  time  curves  for  these  two 
runs  reveal  these  points  to  be  about  the  same  at  10,000  feet 
( see  Figure  25 ) . 

In  contrast  for  the  same  runs,  wall  pressure  P3,  near 
the  nozzle  exit  plane,  is  shown  in  Figure  26.  Two  points 
must  be  considered.  First,  while  the  high  altitude 
pressures  are  of  similar  fluctuation  and  value,  the 
transition  points  for  the  two  runs  correspond  to  5,000  feet 
for  the  smaller  throat  and  chamber  and  over  15,000  feet  for 
the  larger.  Also,  the  resulting  wall  pressure  at  the  lower 
altitudes  is  much  higher  for  the  larger  chamber. 

Schlieren  photographs  for  these  runs  are  presented  in 
Figures  27  and  28.  The  effects  noted  can  be  seen  from  these 
photographs.  The  similarity  of  the  flows,  particularly 
downstream  in  the  chamber,  reflects  the  data  results  of 
Figure  24.  The  differences  can  be  seen  near  the  nozzle  and 
secondary  flow  exit  planes  where  a  somewhat  different  shock 
pattern  is  formed  for  the  larger  secondary  throat.  This 
shock  pattern  extends  closer  to  the  transducer  location  (one 
inch  from  the  exit  planes)  and  thus  causes  the  high,  more 
fluctuating  pressures  than  the  smaller  ejector  produces. 


Selected  Profile  Comparisons 


Since  the  experimental  runs  simulated  a  reverse  flight 


profile  and  the  data,  pictures  and  video  reflect  this 
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FIGURE  25.  ALTITUDE  VS  TIME  FOR  SMALL  AND  LARGE  CROSS-SECTIONS 


5? 


PRESSURE 


0  10  90  120  IE8  200  210 


TIME  (SEC) 
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B.  HALL  PRESSURE  P 3  FOR  LARGE  CROSS-SECTION  THROAT  AND  CHAMBER 


FIGURE  2G .  WALL  PRESSURE  P3  FOR  SMRLL  AND  LARGE  CROSS-SECTIONS 
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C.  SEA  LEVEL  CONDITIONS 


FIGURE  28.  BACK  PRESSURE  EFFECTS  ON  LARGE  CROSS-SECTIONS 


BO 


chronology,  the  discussion  of  the  selected  runs  will  proceed 
from  the  higher  to  the  lower  altitudes. 

High  Altitude  Runs.  The  high  altitudes  are  grouped 
together  due  to  the  unchanging  results  of  the  data.  Figure 
29A  shows  the  schlieren  photograph  representative  of  all  the 
runs  used  in  simulating  the  higher  altitude  phase  (30,000 
feet  and  up)  of  the  launch.  During  this  phase,  the  shock 
pattern  through  the  mixing  chamber  is  well  established.  The 
strength  of  these  shocks  is  relatively  weak  since  the  wall 
pressures  remain  fairly  constant  through  the  chamber.  While 
the  pressures  remain  constant,  the  back  pressure  continues 
to  increase  as  the  altitude  decreases.  The  ratio  of  P./P* 
decreases  as  altitude  decreases  (see  Figure  30).  While  the 
results  are  not  totally  certain,  if  the  last  wall  pressure, 
P7 ,  closely  represents  the  exit  pressure  of  the  system,  P«, 
this  ratio  decrease  would  indicate  a  reduction  in  the 
pressure  thrust  term  from  equation  1.  This  is  not 
unexpected  since  most  nozzles  are  designed  to  operate  at 
higher  altitudes.  The  magnitudes  of  the  pressure  thrust 
terms  would  need  closer  scrutiny  to  determine  final 
advantages  or  disadvantages  associated  with  the  rocket 
nozzle-ejector  system. 

Transition  and  Low  Altitude  Runs.  The  transition  that 
the  wall  pressures  encounter  during  an  individual 
experimental  run  is  harder  to  distinguish  in  this  composite 
study  of  several  runs  simulating  one  profile.  While  a 
definite  rise  in  wall  pressures  does  occur,  the  expected 
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FIGURE  29.  TYPICAL  HIGH  ALTITUDE  RUN  FOR  SELECTED  PROFILE 
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rise  of  the  mixing  chamber  wall  pressures  which  during  the 
individual  experimental  runs  began  at  the  exit  of  the  mixing 
chamber  and  propagated  back  toward  the  rocket  nozzle  and 
secondary  flow  exit  planes  does  not  occur.  The  rise 
encompasses  the  entire  chamber  at  one  time.  This  may  more 
accurately  describe  what  should  happen  since  this  selected 
change  in  altitude  and  Mach  number  does  not  occur  in  this 
order  on  any  one  run  accomplished.  One  hypothesis  for  this 
pressure  rise  throughout  the  chamber  at  one  time  may  be 
drawn  from  the  photographs  of  Figure  31.  At  low  altitudes 
when  the  flow  transitions,  it  occurs  rapidly  and  over  the 
entire  chamber  (note  in  particular  Figures  31B  and  C). 

Thus,  when  transition  takes  place,  there  is  not  any 
distinction  between  when  the  effects  are  noticed  near  the 
exit  plane  of  the  mixing  chamber  versus  when  the  beginning 
of  the  chamber  receives  the  same  effect. 

Figure  32  describes  the  wall  pressure  changes  at  the 
lower  altitudes.  While  it  is  a  very  busy  plot,  several 
points  need  to  be  discussed.  Note  that  some  of  the 
pressures  start  at  X/L  of  0  and  some  start  at  0.13333. 

Since  some  of  the  selected  runs  were  made  with  the  nozzle  in 
the  aft  position  and  some  with  the  nozzle  in  the  forward 
position,  the  transducers  were  at  different  locations 
relative  to  the  nozzle  exit  plane  and  this  difference  is 
reflected  on  the  graph  by  a  shift  of  abscissa  for  beginning 
and  ending  the  curves.  One  very  evident  point  which 


reflects  that  transition  has  already  occurred  is  the 
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FIGURE  31.  TYPICAL  LOW  ALTITUDE  RUN  FOR  SELECTED  PROFILE 


relatively  constant  value  of  P»/P»  between  altitudes.  While 
there  are  still  oscillations  due  to  the  remaining  shock  and 
expansion  patterns  within  the  chamber,  the  pressures  are 
generally  in  the  0.7  to  0.8  range  of  P«/P«.  This  indicates 
that  no  significant  additional  change  in  the  pressure  thrust 
term  mentioned  earlier  would  be  expected  in  this  performance 
regime . 

Math  Model 

The  complexity  of  the  flow  within  the  mixing  chamber  is 
very  evident  from  any  schlieren  photograph.  Figure  33  shows 
several  variations  that  can  be  seen  within  the  chamber  at 
any  time.  Therefore,  modeling  this  flow  must  be  carefully 
considered.  One  basic  but  usually  effective  approach  would 
be  the  application  of  the  one-dimensional  momentum  equation 
to  a  control  volume  containing  the  mixing  chamber.  This 
procedure  gives  some  idea  as  to  the  exit  pressure  from  the 
chamber,  exit  Mach  number,  and  possible  thrust  augmentation. 

The  control  volume  is  shown  in  Figure  34.  The  momentum 
equation  applied  to  the  constant  area,  frictionless, 
adiabatic  control  volume  is  as  follows: 

EF «  =  m>Ui  —  ffiiUi-  m i U i  =  PiAi  +  P  j A  2  —  P1A1  ( 6  ) 

where 

EF «  =  summation  of  the  axial  forces  (lbf) 
mt  =  mass  flow  rate  of  the  primary  flow  (slugs/sec) 
m»  =  mass  flow  rate  of  the  secondary  flow  (slugs/sec) 
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R.  LOW  BACK  PRESSURE 


B.  INCREASING  BACK  PRESSURE 


B9 


ms  =  total  mass  flow  rate  at  mixing  chamber  exit 
=  mi  +  m2  (slugs/sec) 

Pi  =  static  pressure  at  primary  nozzle  exit  (psia) 

P*  =  static  pressure  at  secondary  flow  exit  (psia) 

Pa  =  static  pressure  at  mixing  chamber  exit  (psia) 

Ai  =  cross-sectional  area  of  primary  nozzle  exit  (in2) 

Ai  =  cross-sectional  area  of  secondary  flow  exit  (in2) 

A 3  =  cross-sectional  area  of  mixing  chamber  exit  (in2) 

Ui  =  primary  nozzle  exit  velocity  (ft/sec) 

Uj  =  secondary  flow  exit  velocity  (ft/sec) 

Us  =  mixing  chamber  exit  velocity  (ft/sec) 

The  calculation  starts  with  an  assumption  for  Pi  and  an 
iteration  to  solve  for  Us.  The  following  procedure  is 
f o 1  lowed . 

1)  mi  is  solved  using  equation  5  and  solving  for  the 
throat  conditions  of  the  primary  nozzle. 

2)  m2  is  solved  using  equation  5  and  solving  for  the 
throat  conditions  of  the  ejector. 

3)  ms  is  the  total  of  mi  and  m2 

4)  Pi  is  solved  by  using  equation  4  and  assuming  Mach 
3.09  at  the  exit  plane  of  the  primary  nozzle. 

5)  P2  is  solved  by  using  equation  4  and  assuming  Mach 
1  at  the  'hroat  (or  exit  plane). 

6)  Ai  and  A?  are  given  by  design.  As  =  Ai  +  As  +  the 
area  of  the  base  regions  at  the  nozzle  exit  (0.375  inches). 

7)  Ui  is  solved  using 
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U  =  M(kRgcT)  ‘  ' s 


(7) 


#  where 

U  =  velocity  (ft/sec) 

M  =  Mach  number 

#  Rgc  =  gas  constant  ( f t 2 /sec * -° R ) 

=  1716 

T  =  static  temperature  (°R) 

# 

The  static  temperature  is  calculated  by  the  isentropic 
relationship 


k-1  -1 

Tt  (  1  +  -  M2  ) 

2 


(8) 


8)  Ui  is  solved  using  equations  7  and  8 

9)  Us  is  calculated  using  equation  6  with  an  assumed 


value  for  Ps. 

10)  With  Us,  the  lensity  is  calculated  using 


ds  = 


gcms*144 


AsU: 


(9) 


where 

ds  =  mixing  chamber  exit  static  density  (lbm/ft5) 

ms  -  mixing  chamber  exit  mass  flow  rate  (slugs/sec) 

As  =  mixing  chamber  exit  cross-sectional  area  (in2) 

Us  =  mixing  chamber  exit  velocity  (ft/sec) 
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11)  With  ds,  the  static  temperature  Ta  can  be 
calculated  at  the  exit  using  the  perfect  gas  relationship 

Ps*14 4 

T  3  =  -  (10) 

d  3  R 

where 

Tj  =  mixing  chamber  static  temperature  (°R) 

P3  =  mixing  chamber  static  pressure  (psia) 
d3  =  mixing  chamber  static  density  (lbm/fts) 

R  =  gas  constant 

=  53.34  ( f t-lbf /lbm-°  R ) 

12)  The  exit  Mach  number  can  now  be  calculated  using 
equation  8  and  assuming  adiabatic  flow  through  the  chamber. 

13)  The  resulting  Mach  number  was  then  used  in  equation 
7  to  check  the  initial  calculation  of  Us.  If  they  matched, 
the  assumed  value  of  Ps  was  correct.  If  they  did  not,  a  new 
value  of  Ps  must  be  assumed  and  iteration  accomplished  until 
the  resulting  Mach  number  produces  a  velocity  equivalent  to 
the  initial  U*  calculation.  Tables  3  through  8  in  Appendix 
B  provide  the  raw  data  values  for  the  calculations  of  the 
math  model  solutions  for  the  selected  profile. 

Comparison  of  Math  Model  and  Selected  Profile 

The  selected  launch  profile  representative  of  the 
launch  schedule  shown  in  Figure  1  is  compared  to  the  math 
model  in  Figure  35  for  the  ejector-rocket.  An  exit 
pressure,  Ps,  was  calculated  by  the  math  model  and  compared 
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to  the  final  measured  wall  pressure,  P7 ,  which  is  assumed  to 
equal  the  exit  pressure.  Though  not  totally  clear  why  both 
the  predicted  and  experimental  values  make  the  two 
variations  in  the  curve,  the  model  does  reflect  what  the 
profile  seems  to  do.  While  the  mathematics  involved  in  this 
model  versus  the  discussion  by  Alperin  (13)  are  vastly 
different  ,  the  variations  in  Figure  35,  which  seem  to  occur 
in  three  apparent  flight  regions  (the  decrease  in  pressure 
as  the  vehicle  ascends,  the  transition  region  near  20,000 
feet,  and  the  constant  exit  pressure  region  beyond  20,000 
feet),  may  reflect  the  different  solutions  Alperin  studied. 
More  extensive  pressure  measurements  may  confirm  this 
poss i bi 1 i ty . 

Thrust  Augmentation 

Predictions  of  ejector  exit  pressure  and  velocity  from 
the  math  model  provide  an  indication  of  thrust  augmentation 
attributable  to  the  change  of  momentum  transfer  and  pressure 
thrust  at  the  exit  plane.  Equation  1  is  used  to  solve  for 
the  thrust  of  the  rocket  alone  and,  applied  similarly  at  the 
ejector-rocket  exit  plane,  permits  the  comparison  shown  in 
Figure  36.  For  the  rocket-ejector,  the  wall  pressure,  P7, 
is  assumed  to  be  approximately  equal  to  Pf.  The  curves 
reflect  a  somewhat  modest  but  definite  increase  in  thrust 
over  most  of  the  altitude  range  being  discussed  within  this 
study.  The  somewhat  lower  thrust  at  5,000  feet  and, 
assumably,  near  sea  level,  may  detract  somewhat  from  a  clear 
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Figure  36.  Thrust  Comparisons  of  Rocket  Only 

vs  Combined  Ejector-Rocket 


> 


?  5 


improvement,  but  the  curve  clearly  suggests  the  possibility 
of  thrust  augmentation  over  the  low  altitude  region. 

These  results  also  must  be  concluded  with  the 
understanding  that  any  supersonic  drag  effects  from  the 
inlet  and  mixing  chamber,  friction,  and  base  pressure 
calculations  have  not  been  included  in  this  estimation  and 
will  require  further  study. 
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VII.  Cone  1  us i ons 


Wall  pressures  and  flow  interactions  of  42  separate 
experimental  runs  were  studied  in  the  simulation  of  a 
ejector-rocket  launch  from  sea  level  to  50,000  feet.  The 
apparatus  and  instrumentation  provided  satisfactory 
information  for  this  research.  The  results  from  the 
investigation  yielded  the  following  conclusions: 

1.  The  wall  pressures  within  the  mixing  chamber  of  an 
ejector-rocket  are  higher  as  the  rocket  launches  from  sea 
level  and  decrease  during  the  climb.  The  magnitude  of  the 
pressures  and  the  rate  of  decrease  are  dependent  upon  the 
vehicle  Mach  number. 

2.  The  geometry  and  magnitude  of  the  secondary  flow 
significantly  affect  flow  conditions  of  the  ejector-rocket. 
Any  angularity  of  the  ejector  secondary  flow  toward  the 
primary  nozzle  flow  causes  an  extraordinary  amount  of 
turbulence  in  the  region  just  beyond  the  exit  planes  of  the 
primary  and  secondary  flows. 

3.  A  small  but  definite  increase  in  thrust  may  be 
anticipated  in  the  overall  model  of  the  selected  launch 
profile  for  the  ejector-rocket  model  versus  a  rocket  only 
launc*-.  While  this  is  based  on  a  one-dimensional  math  model 
which  eliminates  a  great  deal  of  the  internal  complexity  of 
the  flow,  it  does  provide  some  insight  to  the  possible 
benefits  that  could  be  used  to  augment  thrust  of  a  rocket 
with  an  appropriately  sized  ejector. 
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VIII.  Recommendations 

The  following  recommendations  are  made  for  continuation 
of  this  work  in  the  area  of  ejector-rockets: 

1.  The  extensive  fluctuations  of  the  wall  pressures 
received  by  the  data  acquisition  system,  while  partly  due  to 
the  extreme  vibratory  nature  of  the  shocks  near  the 
transducers,  tends  to  hamper  the  evaluation  of  the  data.  An 
analog  receiver  might  provide  less  fluctuations  and  make  the 
data  more  manageable. 

2.  More  extensive  instrumentation  of  the  mixing 
chamber  should  be  used.  Such  possible  changes  should 
include  static  pressure  ports  through  the  plexiglass  wall3 
in  the  nozzle  exit  plane,  secondary  flow  exit  plane,  and 
mixing  chamber  exit  plane.  Additionally,  a  total  pressure 
probe  at  the  exit  plane  of  the  mixing  chamber  should  be 
developed  to  accurately  determine  exit  velocity.  This 
should  lead  to  a  better  determination  of  possible  increases 
in  thrust  augmentation. 

3.  A  definite  change  in  the  mass  flow  ratios  is 
necessary.  While  secondary-to-pr imary  flow  ratios  of  0.2  to 
0.5  were  used  during  this  study,  actual  ratios  of  4  to  5 
would  probably  be  needed  in  propulsion  systems  for  future 
use  of  this  arrangement.  Changes  would  need  to  be  made  to 
the  flow  system  to  provide  for  adjustment  capabilities  of 
the  primary  flow  as  well  as  the  secondary  flow  to  get  these 
mass  flow  ratios. 
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The  optical  glass  viewing  area  should  be  expanded 


4 . 

to  allow  for  more  extensive  schlieren  photography 
capabilities  for  both  still  pictures  and  video  or  film. 
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Appendix  A:  Altitude  Calculations 

The  time  the  experiments  were  running  was  translated 
into  altitude  using  the  changes  in  the  vacuum  tank  pressure, 
P9 ,  which  simulated  the  changes  in  altitude  over  the  launch 
profile.  The  standard  atmosphere  has  several  layers  where 
the  temperature  acts  differently.  These  temperature  changes 
result  in  distinct  equations  to  calculate  state  properties 
at  particular  altitudes. 

This  procedure  used  the  value  for  P9  and  translated  it 
into  an  altitude  using  one  of  the  following  equations  (14): 
Layer  1 

For  0  <  H  <  36089.2  feet 

or  14.69583  >  P  >  3.18253  psia 


H  =  - 2 . 804 1 37E+02 


rr  p  *  144  t 

[1  1  .  137 1935 14E-  1 1 J 


19025633 


-  518.69 


(11) 


Layer  2 

For  36089.2  <  H  <  65616.8 

or  3.28253  >  P  >  0.79410 


feet 

psia 


H  =  - 2 . 080629E+04  1 


t  2678 . 2868  1 J 


(  12) 
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Laver  3 


For  65616.8  <  H  <  104986.9  feet 

or  0.79410  >  P  >  0.125900  psia 


H  =  1822.688831 


Laver  4 


f  f  P  *  144  I 
[[  3.80207578E+90J 


- . 029270236 


-  353.991  (13) 


For  104986.9  <  H  <  154199.5  feet 

or  0.125900  >  P  >  0.016090  psia 


H  =  6 . 5096 1 1E+02 


rr  p  *  144  'j 

[[  1 . 442 17649E+33 J 


- . 081956553 


-  250 


3‘] 


(14) 
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Appendix  B:  Math  Model  Tabular  Data 


Table  3.  Selected  Profile  Mall  Pressures 


ALTITUDE 

feet 

P* 

psi  a 

Pa 

psia 

P, 

psia 

P. 

psia 

P« 

psia 

P» 

psia 

Pr 

psia 

5000 

6.0 

8.0 

9.0 

_ 

9.0 

9.0 

9 . 0 

10000 

10.11 

7.5 

7.0 

BE 

8.5 

8.0 

. 

4.0 

15000 

8.30 

6.5 

6.5 

5.5 

6.0 

6.0 

4 . 0 

20000 

6.36 

4.5 

5 . 0 

3.5 

5.0 

SB 

25000 

5.46 

4.0 

4.0 

3.5 

4.0 

3.5 

4.0 

30000 

4.37 

4.0 

4.0 

3.5 

4.0 

3.5 

4.0 

35000 

3.47 

_ 

4.0 

4.0 

3.5 

4.0 

3.5 

4.0 

40000 

BE 

4 . 0 

4.0 

3.5 

4 . 0 

3.5 

4.0 

45000 

2 . 15 

4.0 

4 . 0 

3.5 

4.0 

3.5 

4.0 

50000 

1 .69 

4.0 

4.0 

3.5 

_ 

4.0 

3.5 

_ 

4.0 
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Table  4.  Math  Model  Inputs.  Rocket  Nozzle  Only 


ALTITUDE 

feet 

Pr  , 
psi  a 

M, 

U, 

f  t/s 

m  i 

lbm/s 

A, 

in2 

P. 

psia 

5000 

110 

3.09 

2044 

.2871 

.5202 

2.618 

10000 

110 

3.09 

2044 

.2871 

.5202 

2.618 

15000 

no 

3.09 

2044 

.2871 

.5202 

2.618 

20000 

no 

3.09 

2044 

.2871 

.5202 

2.618 

25000 

no 

3.09 

2044 

.2871 

.5202 

2.618 

30000 

no 

3.09 

2044 

.  2871 

.5202 

2.618 

35000 

no 

3.09 

2044 

.  2871 

.5202 

2.618 

40000 

no 

3.09 

2044 

.2871 

.5202 

2.618 

45000 

no 

3.09 

2044 

.2871 

.5202 

2.618 

50000 

no 

3.09 

2044 

.2871 

.5202 

2.618 
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Table  5.  Math  Model  Inputs,  Secondary  Flow 


ALTITUDE 

feet 

P  T  2 
ps  i  a 

Ma 

u* 

ft/s 

m  j 

lbm/s 

D 

Pa 

ps  i  a 

5000 

15 

1 . 0 

648* 

.2079 

EB 

7.924 

10000 

15 

1.0 

1030 

.1386 

be 

7 . 924 

15000 

13 

1.0 

1030 

.1201 

a 

6.868 

20000 

12 

1.0 

648* 

.  1663 

ESI 

6.339 

25000 

10.5 

1.0 

648* 

.1455 

EB 

5.547 

30000 

10.5 

1 . 0 

648* 

.  1455 

EB 

5.547 

35000 

10.5 

1 . 0 

648  * 

.  1455 

EB 

5.547 

40000 

10.5 

1 . 0 

648  * 

.1455 

EB 

5.547 

45000 

10.5 

1 . 0 

648* 

.  1455 

EB 

5.547 

50000 

10.5 

1.0 

648* 

.  1455 

EB 

5.547 

_ 

*  X-component 
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Table  6.  Math  Model  Outputs 


ALTITUDE 

feet 

mi 

lbm/s 

5000 

.4950 

10000 

.4257 

15000 

.4072 

20000 

.4534 

25000 

.4326 

30000 

.4326 

35000 

.4326 

40000 

.4326 

45000 

.4326 

50000 

.4326 

1.2952 


1.2952 


1.2952 


1.2952 


1.2952 


1.2952 


1 . 2952 


1.2952 


1 .2952 


1.2952 


Ui 

f  t/s 

Mi 

994.81 

1 .015 

1812.00 

2.29 

1814.00 

2.19 

1303.00 

1  .  38 

1388.22 

1.48 

1388.22 

1 .48 

1388.22 

1.48 

1388.22 

1.48 

1388.22 

1 . 48 

1388.22 

1.48 

Table  7.  Thrust  Calculations,  Rocket  Nozzle  Only 


ALTITUDE 

feet 

P. 

ps  i  a 

m  i 

lbm/s 

U, 

f  t/3 

P, 

ps  i  a 

m 

F, 

lbf 

5000 

12.23 

.2871 

2044 

2.618 

.5202 

13.24 

10000 

10.11 

.2871 

2044 

2.618 

.5202 

14.34 

15000 

8.30 

.2871 

2044 

2.618 

.5202 

15.28 

20000 

6.36 

.2871 

2044 

2.618 

.5202 

16.09 

25000 

5.46 

.2871 

2044 

2.618 

.5202 

16.76 

30000 

4 . 37 

.  2871 

2044 

2.618 

.5202 

17 . 33 

35000 

3.47 

.2871 

2044 

2.618 

.5202 

17.80 

40000 

2.73 

.  2871 

2044 

2.618 

.5202 

18.18 

45000 

2.15 

.  2871 

2044 

2.618 

.5202 

18.48 

50000 

1.69 

.  2871 

2044 

2.618 

.5202 

_ 

18.72 
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ALTITUDE 

feet 

P» 

ps  i  a 

ms 

lbm/s 

U,  1 
ft/s  i 

Pi 

psia 

5000 

12.23 

.4950 

995 

9.0 

10000 

10.11 

.4257 

1812 

4.0 

15000 

8.30 

.4072 

1814  1 

4.0 

20000 

6.36 

.4534 

1303 

5.5 

25000 

5.46 

.4326 

1388 

4.0 

30000 

4.37 

.4326 

1388 

4.0 

35000 

3.47 

1  .4326 

1388 

4.0 

40000 

2.73 

.4326 

1388 

4.0 

45000 

2.15 

|  .4326 

1  388 

4.0 

50000 

1 . 69 

.4326 

1388 

4.0 

F, 

2 

lbf 

1.2952 


1.2952 


1.2952 


1.2952 


1.2952 


1.2952 


1.2952 


1.2952 


1.2952 


1.2952 


2 


16.06 


17.39 


16.73 


18.19 


19.35 


20.31 


21.06 


21.66 
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instructor  pilot  with  the  50th  Flying  Training  Squadron  and 
as  an  academic  instructor  with  the  14th  Student  Squadron  at 
Columbus.  From  there,  he  went  to  Randolph  AFB,  Texas  where 
he  served  as  a  pilot  instructor  trainer  and  standardization 
and  evaluation  pilot  for  the  560th  Flying  Training  Squadron 
and  the  12th  Flying  Traini-.^  Wing.  Captain  Seaver  entered 
the  Air  Force  Institute  of  Technology  in  May  of  1987. 
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